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Aluminum-lithium (Al-Li) alloys have inherently desirable properties such as increased 
specific stiffness and strength. Without question, these alloys would be candidate materials for 
many aerospace structural designs if it were not for a complicated and confounding mode of 
fracture termed ‘delamination.’ Delamination is a secondary form of fracture along flat grain 
boundaries that initiates as a result of highly localized deformation. Currently, designers are 
reluctant to use Al-Li in structural applications due to concerns over the potential for 
delamination fracture and the inability to predict/account for it.  
Recent advancements in technology have enabled more detailed characterizations of 
delamination fracture with high-speed data collection/analysis. Experimental observations using 
these improved methods have identified delamination susceptible locations within Al-Li alloy 
microstructures, revealed preferential (localized) damage accumulation near grain boundaries 
that exhibit delamination failure, and identified grain boundary shear as a driving force for 
delamination. The extent of localization may be controlled by precipitates, grain orientation, and 
grain interactions.  
The current work leverages in situ High Energy Diffraction Microscopy (HEDM) and 
polycrystal plasticity simulations to study the local evolution of lattice strains to gain insight into 
the development of incompatibility. The identification of factors that initiate and drive 
delamination fracture, such as the development of shear and incompatibility between grain pairs, 
will be critical for the development of appropriate design criteria and potential processing 
modifications to eliminate the tendency for delamination fracture in Al-Li alloys. Results from 
this study highlight the anisotropic response of several grain pairs as indicated through the 
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development of strain and signed dislocation densities in crystal plasticity simulations and 
experimental testing. Grain pairs that display strong signs of local heterogeneity in mechanical 
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1        Introduction 
In this chapter, the relevant introductory information pertaining to aluminum-lithium (Al-
Li) alloys and delamination fracture will be addressed. Topics include: the history and 
background of Al-Li alloys; a brief description of the processing stages; an overview of the 
various precipitates that form in these alloys; and a list of possible causes of delamination 
fracture based on a thorough literature review.  
1.1  History and Background 
Aircraft designers have been searching for lightweight metallic materials with good 
strength for use in structural applications since the dawn of human flight. One of the first 
recorded developments of an age-hardened aluminum-copper alloy, called Duralumin, was in 
1906 in Germany by a metallurgist named Alfred Wilm [1]. While this alloy never saw 
widespread use, it initiated research in the development of high strength, low density, age-
hardened aluminum alloys. In 1924, Sceleron, the first lithium bearing alloy, was introduced to 
the aerospace community [2]. Further developments in Al alloys were made in the years to come, 
and interest in those alloyed with Li began to increase.  
The most attractive reason for alloying with Li is the beneficial impact on stiffness and 
weight reduction. For every 1 wt% addition of Li, the elastic modulus is increased by 6% and the 
density is reduced by roughly 3% [3]. In addition, since aluminum by itself is a lightweight 
metal, there are only a few choices for alloying additions for further weight reduction. On the 
periodic table, Si, Be, Mg, and Li are the primary metals with lower density that could be alloyed 
with Al. Of those four, only Mg and Li have good solubility. However, alloying with Mg tends 
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to produce alloys with lower stiffness and increased corrosion susceptibility [4]. On the other 
hand, Li is the lightest metallic element, has increased solubility at high temperatures, and upon 
aging produces fine precipitates that increase strength and stiffness [5]. These characteristics 
make Li the ideal alloying candidate. Figure 1.1 below shows several potential alloying elements 
and the impact each has on Young’s modulus. Clearly, Li offers the highest payoff in terms of 
stiffness increase per percent alloying addition to Al of those shown. 
 
Figure 1.1  Impact on  Young’s Modulus for several alloying 
candidates (data obtained from [4, 6]). 
 
In alloy design, each alloying element chosen is inherently accompanied by a certain list 
of advantages and disadvantages. Li is no exception and the positive and negative consequences 
of its choice as an alloying species are discussed below.  
In comparison to conventional Al alloys, Al-Li alloys offer increased stiffness and lower 
density. Fracture toughness and strength properties for several Al and Al-Li alloys are shown in 
Figure 1.2. Another highly touted advantage is the increase in fracture toughness at cryogenic 
temperatures in comparison to conventional Al alloys. This attribute lends Al-Li alloys to be 
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excellent candidate materials for use in cryogenic fuel tanks for launch vehicle applications. Al-
Li alloys also exhibit increased resistance to fatigue crack growth and stress corrosion cracking 
in comparison to similar conventional alloys.  
 
Figure 1.2 Comparison of material properties for various aerospace Al 
and Al-Li alloys [7] . 
 
In the 1970s and 1980s, the demand for lightweight structures with increased fuel 
efficiency continued to drive the development of the Al-Cu-Li alloy class. A great deal of 
interest came from the commercial aviation industry and NASA in search of lightweight aircraft 
and space vehicles in response to increasing fuel costs. Designers were looking to replace 
conventional, non-Li containing, Al alloys (e.g. AA2024, 2219, 7075) with materials possessing 
higher specific strengths like Al-Li alloys. Other materials were considered such as composites 
and titanium alloys. However, these materials brought about increased manufacturing costs in 
addition to other drawbacks. Hence, aluminum-lithium alloys were favored by designers and 
began seeing increased usage. 
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In the last decade or so, designers have selected Al-Li alloys for a wide range of 
structural applications, primarily to replace predecessor conventional alloys. Several examples 
include the use of Al-Li for F-16 bulkheads; and for commercial aircraft like the Airbus A340, 
A350, and A380; and Boeing 777. In the early 1990s, NASA tasked Lockheed Martin with 
redesigning the Space Shuttle External Fuel Tank to reduce weight. In 1998, the first new super 
lightweight (SLWT) external tank was flown. The previous tank made of AA2219 weighed 
30,000 kg (66,000 lb.). The new SLWT tank made of Al-Li 2195 was 26,500 kg (58,500 lb.) 
resulting in a weight reduction of 3,500 kg (7,500 lb.) compared to the previous design. Designs 
for NASA’s newest exploration vehicles, Ares I and V, featured Al-Li alloys for liquid oxygen 
and hydrogen fuel storage tanks. Unfortunately, these designs were never put into full scale 
production due to the cancellation of the Constellation Project in 2009. 
While Al-Li alloys may seem like the ideal material for use in aerospace applications, 
there are some lingering problems associated with these alloys which have limited their 
widespread use. The single most troubling issue is delamination fracture. Delamination is an 
intergranular form of secondary cracking along highly elongate grain boundaries as seen in 
Figure 1.3. The name is derived from its lamellar type (also called “pancake”) grain structure 
which macroscopically bears some resemblance to composite materials, which are also known to 
exhibit delamination although the mechanisms are distinctly different. Several mechanisms 
which contribute to delamination fracture in Al-Li alloys have been proposed and will be 
explained in the paragraphs to come.  
Since Al-Li alloys are typically produced in plate form through rolling operations, much 
of its mechanical properties exhibit directionality dependence. Hence, it is necessary to briefly 
define the sample directions shown in the proceeding figures, which are analogous to 
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orthonormal basis of x-y-z in a Cartesian reference frame. The first orthogonal direction is the 
rolling or longitudinal direction which is commonly denoted as RD or L. Next, is the long 
transverse direction which is commonly abbreviated by T or TD. Last, is the short transverse (ST 
or S) or normal direction (ND or N). This direction is normal to the rolling plane and is the 
thickness direction of the plate.  
 
Figure 1.3 Example of a typical delamination fracture. Primary crack 
direction runs into the page [8]. 
 
Al-Li alloys have crack orientation dependent fracture toughness properties as a result of 
the delamination-primary (Mode I) crack relationship. Delamination fracture is characterized by 
three different crack orientations depicted in Figure 1.4: crack-divider, crack-arrestor, and crack-
splitting (sometimes referred to as crack-delaminating). Each orientation gets its name from the 
impact the presence of delamination has on the behavior of a Mode I crack. The crack-divider 
(L-T* or T-L) geometry develops delamination that effectively “divide” the sample into thinner 
ligaments, creating more of a plane stress test condition that gives rise to an apparent increase in 
                                                 
*
In accordance with traditional fracture testing nomenclature, the first letter represents the loading direction and the 
second letter denotes the primary crack growth direction (i.e. L-T represents a sample loaded in the L direction and 




toughness in response to delamination. Alternatively, the crack-arrestor (L-S or T-S) case results 
in the “arrestment” of the primary crack, where delamination initiation and propagation takes 
place with minimal growth of the primary crack. The crack-arrestor orientation also provides an 
apparent increase in toughness values in response to Mode I crack growth. Of the three 
orientations, the crack-splitting (S-L or S-T) orientation is the only one which doesn’t receive an 
inflation in toughness due to delamination. In fact, the crack-splitting case results in unusually 
low fracture toughness values since Mode I loading produces a rapidly propagating delamination 
crack with limited plasticity.  
 
Figure 1.4 Relationship between fracture toughness sample geometry 
and delamination orientations (Courtesy of Mark 
Hernquist [9]). 
 
Most Al-Li alloys are formed by hot rolling. As a result of the rolling process, these 
alloys have an inherent elongated microstructure in the rolling direction with grains of high 
aspect ratios. In the most severe case, these aspect ratios can approach 100:1 (L:S). In addition, 
the rolling deformation introduces strong texture gradients throughout the thickness of material. 
The combined effects of a highly textured, high aspect ratio grain structure results in a material 
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that has highly anisotropic properties. Generally the best strength properties are observed in 
tensile loading parallel to the rolling direction. Properties are only slightly lower for loading in 
the transverse direction. However, for samples loaded at 45° to the rolling plane, strength values 
decrease substantially by up to 20% [10]. As a result of this anisotropy, aluminum producers 
have sought ways to make more isotropic Al-Li alloys. Air Force alloy C458 [11] (later 
designated as Al-Li 2099) was processed to develop a stronger cube (recrystallized) texture with 
larger grain sizes to decrease the aspect ratios resulting in more isotropic properties.  
Low short-transverse (S-L) fracture toughness is a widely reported concern in Al-Li 
alloys. The S-L toughness values are typically one-half to one-fourth the value for L-T 
toughness. In addition, on occasion low ductility in fully processed Li bearing alloys has been 
reported. Both have been attributed to weak grain boundaries, high aspect ratio grains, planar 
slip, degree of recrystallization and high area fraction of grain boundary precipitates, just to 
name a few. The occurrence of both can be controlled to some extent through the choice of 
aging/tempering treatment and the degree of recrystallization within the microstructure. 
Improper selection of heat treatment parameters can embrittle the material. Some improvements 
is short-transverse toughness have been noted for double-aging experiments, which also 
correlated with a decrease in the occurrence of delamination fracture [12, 13].  
1.2 Material Processing 
The processing of aerospace grade Al-Li alloys is generally done in several stages. First, 
the as-cast ingot is given a homogenization heat treatment. Most as-cast materials have reduced 
ductility, heterogeneous distributions of solute content that decreases from the edge to center 
locations, and interdendritic networks of second phase particles, all of which leads to decreased 
8 
 
workability. Thus, the homogenization treatment is carried out at high temperatures at long hold 
times and is designed to dissolve the solute rich areas and second phase particles to produce a 
supersaturated solid solution with a more uniform distribution of solute. Upon rapid cooling, 
equilibrium phases precipitate out [4]. In the end, the ingot has more workability and uniformity 
which is important for the next stage of hot rolling (or extrusion in some cases). 
 Hot rolling is designed to reduce the thickness of the ingot down to the final dimensions 
of the finished product. This is done in multiple stages and using multiple passes under rollers. 
Typically, the ingot is hot rolled in the range of 425-540°C (800-1000°F). Much of the details 
are considered proprietary information, but techniques such as cross-rolling and intermediate 
annealing treatments have been known to affect the evolution of anisotropy and strength in Al 
alloys [8, 11, 14].  
After rolling, the material is solution heat treated to roughly 550°C (1020°F) followed by 
a rapid quench to form a supersaturated solid solution. The alloy is quenched quickly to freeze in 
the solute for maximum precipitation in later stages. Next, the material is aged to allow 
strengthening precipitates to form. Different aging treatments are available depending upon the 
target properties. Typically alloys are near peak-aged to T8 condition, which provides the 
maximum strength possible without sacrificing ductility and other properties. An alloy subjected 
to T8 tempering has been solution heat treated, quenched, given a 3-5% plastic stretch, and 
artificially aged.  
9 
 
1.3 Precipitates in Al-Li Alloys 
The precipitates that form are dictated by the composition and aging treatment of the 
material. In relation to the scope of this work, there are several common precipitates that are of 
interest to discuss: β’, δ’, and T1. 
In many Al-Li alloys, small additions of Zr are present to form the Al3Zr (β’) dispersoid. 
This phase forms during the homogenization treatment prior to rolling. The β’ dispersoids inhibit 
recrystallization, which results in a strong rolling texture with highly elongated (unrecrystallized) 
pancake grains for which Al-Li alloys are known. By retaining an unrecrystallized 
microstructure, the Zr additions have been associated with enhancing ductility in Al-Li alloys. 
This coherent, spherical phase is roughly 50nm in diameter [15]. Al3Zr has an L12 crystal 
structure and has a homogeneous distribution. 
The δ’ (Al3Li) phase is arguably the most common precipitate among Al-Li alloys. This 
spherical, ordered, metastable phase precipitates coherently within the matrix and has an L12 
superlattice structure. It shares a cube-cube relationship with the matrix. Misfit strains between 
δ’ and the Al matrix are small [15]. The δ’ precipitates have a small diameter (<50nm) and are 
generally considered to have a homogeneous distribution. In addition, δ’ precipitates are easily 
sheared by dislocations, which leads to localized deformation bands due to planar slip. The topic 
of planar slip will be addressed later. 
A major strengthening phase in the Al-Cu-Li alloy class is the T1 (Al2CuLi) precipitate. 
T1 is a semi-coherent, platelet phase that possesses a hexagonal crystal structure. T1 is commonly 
found on grain boundaries and is believed to nucleate in higher density along high angle grain 
boundaries, but can be found within the matrix. Matrix precipitation would be favored over grain 
boundary precipitation since matrix T1 would be the dominant strengthening phase. T1 
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precipitates along matrix habit planes and has a heterogeneous distribution [16]. Nucleation of T1 
is typically believed to occur along dislocations, an event which can be greatly altered by the 
level of pre-age stretch given to the material. The pre-age stretch introduces additional 
dislocations within the matrix, providing preferential nucleation sites, which can lead to a more 
homogeneous distribution within the matrix [15]. The size of T1 precipitates is highly affected by 
the subsequent aging treatment. A potential connection may exist between the development of 
negative strain-rate sensitivity and degree of Cu and/or Li left in solution. McDonald [17] found 
an increased intensity of a Cu-rich phase at t/2 during a standard 2θ X-ray diffraction scan. 
Experimentally he was unable to definitively identify the phase; however, based on a number of 
factors, the Cu-rich phase was likely T1. Mechanical testing also revealed negative strain-rate 
sensitivity at the center of the plate. Although a definitive link was not reported, the results 
suggest that negative strain-rate sensitivity may be linked to the increased presence of Cu and/or 
Li retained in solution. The increased presence of what appear to be T1 precipitates appears to 
provide some indication of the relative amount of Cu and Li in solution at the center of the plate. 
Gradients in solute content are associated with the known problem of quench sensitivity in thick-
plate, Al-Li alloys [18]. Further experimental study is warranted to examine the potential 
relationship between Cu/Li in solution and negative strain-rate sensitivity. 
1.4 Proposed Causes of Delamination 
Over the course of several decades of study leading up to the early 2000s, several theories 
have been developed to explain the occurrence of delamination fracture in Al-Li alloys. The 
most widely accepted explanations as outlined in [19] include: 
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1) Development of stress concentrations due to a large area fraction of grain boundary 
precipitates and the adjacent soft PFZs; 
2) Impingement of planar slip bands on grain boundaries; 
3) Segregation of alkali impurities or liquid rich phases at grain boundaries; 
4) Segregation of hydrogen or hydride particles at grain boundaries; 
5) Segregation of lithium at grain boundaries. 
In the following paragraphs, each of these ideas are discussed. As noted, many of the relevant 
theories surround the idea that stress concentrations and the segregation of various species along 
grain boundaries significantly reduce the interfacial strength and promote brittle intergranular 
fracture. These ideas also suggest that, whatever the mechanism(s) may be, delamination is 
controlled by microstructural incompatibilities within only a few microns or less of the 
boundary, which result in localized stress concentrations.  
Grain boundaries covered by a high area fraction of precipitates develop stress 
concentrations that can exceed the interfacial strength. The combination of grain boundary 
precipitate size and density control the amount of area covered by precipitates. Thus, small 
precipitates in high density can have the same effect as small population of large precipitates. An 
increase in precipitation along grain boundaries can produce PFZs adjacent to the boundary. The 
PFZs are of lower strength and can lead to localization. Hence, interfaces with high coverage of 
precipitates combined with nearby PFZs have been associated with promoting intergranular 
fracture as documented in [20-26]. However, the significance of their role has been questioned 
by Lynch, et al. This is due to the fact the delamination has been observed for underaged alloys 
where substantial precipitation has not occurred, meanwhile the tendency for delamination 
diminished in re-aged samples that should have experienced little change in the grain boundary 
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precipitates or PFZs [12, 19]. Nevertheless, large grain boundary precipitates and PFZs likely 
magnify the delamination problem, but are not likely to be the primary contributor.  
The relationship between planar slip and delamination fracture has been debated for 
many years without sufficient proof to confirm or refute their link. Planar slip, as depicted in 
Figure 1.5, results in localized deformation along a single slip plane due to the shearing of 
precipitates lying along that plane which reduces the slip plane’s resistance to dislocation glide. 
Planar slip is associated with the δ’, Al3Li, matrix precipitate phase. The impingement of planar 
slip bands on grain boundaries has been speculated to create stress concentrations which may 
give rise to delamination fracture [25, 27-29]. However, Sainfort and Guyot [30] documented 
dislocation loops around precipitates in a peak-aged alloy. This finding diminishes the 
significance of the role planar slip may play in delamination fracture [23]. 
 
Figure 1.5 Schematic of planar slip. Dislocations shear δ’ precipitates 
along a slip plane, leading to weakening and further 
localization along that plane (from [31]). 
 
The segregation of alkali impurities and liquid phases has been speculated to cause grain 
boundary embrittlement. However, Lynch, et al. suggests that these reports can be ignored 
Grain boundary 
δ’ (Al3Li) precipitate 
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because these impurities have not be detected by surface analytical techniques and improvements 
in quality control are able to keep the presence of such impurities to a negligible concentration. 
With regards to liquid alkali metal phases, delamination fracture is more widespread at cryogenic 
temperatures where these phases would be solid and not prone to cause embrittlement [19, 32].  
Studies addressing the effect of segregation of hydrogen and hydride phases at the grain 
boundary have been generally inconclusive. The general consensus is that hydrogen and hydride 
phases are not anticipated to cause significant grain boundary embrittlement to lead to 
delamination fracture [19, 32].   
Studies examining the role of Li segregation at grain boundaries have not been able to 
rule out its role in delamination fracture. Lynch, et al. suggest that Li segregation, in a similar 
manner as proposed for impurities, is likely to cause embrittlement. Weakening of the 
interatomic bond strength due to grain boundary Li segregation has been predicted by 
thermodynamic (pair-bonding) calculations[19]. Weaker bonds would decrease the overall grain 
boundary strength, thus promoting delamination fracture. Lynch, et al. draw a correlation 
between the location within the plate where delamination is least prevalent – mid-thickness 
region – with a decreased incidence of Li segregation [33]. The decreased tendency for 
delamination at t/2 is attributed to an increased fraction of low angle boundaries associated with 
the strong brass texture. Low angle boundaries are thought to be less prone to segregation 
because of a lower potential for solute atoms and vacancies to be absorbed [19].  
More recent studies at NASA Langley Research Center in collaboration with the 
University of Illinois at Urbana-Champaign and NASA Marshall Space Flight Center have led to 
new ideas about the role of texture and grain boundary T1 precipitates in delamination fracture. 
In a study of delamination fracture in Al-Li alloy 2090 [34], delaminations were found to 
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frequently (almost exclusively) occur between symmetric variants of the Brass texture 
component. This observation was also noted in a limited study of the same alloy by Kalu and 
Wagner [35]. The two Brass orientations develop during hot rolling as a result of high 
temperature and high strain [36, 37] and are typically dominant at the mid-thickness location of 
the plate (t/2). While both variants share the same, {011)<211>, orthotropic symmetry relative to 
the plate, they differ by a Σ3 “twin”-type crystallographic orientation relationship with a 60° 
rotation about a common <111> axis (but with a common {011} interface). 
In response to the observation  made by Lynch, et al. [19] that the center of the plate has 
a higher fraction of low angle boundaries due to the strong texture, EBSD results from Tayon, et 
al. [34] reveal that the boundaries between brass variants are actually high angle boundaries 
between 50-60°. A comparison of misorientation angle distributions for the center and edge 
locations of the plate are shown in Figure 1.6 along with the theoretical random distribution first 
presented by Mackenzie [38]. In the low angle region (<15°), the distribution is strikingly similar 
between t/2 and t/8, contrary to the details reported by Lynch et al [19] that more low angle 
boundaries were present at t/2. The distribution of high angle boundaries (>15°) is definitively 
different –for t/8 it is relatively flat, while at t/2 there is a peak near 60° due to the high fraction 
of brass grains. Thus, the connection between an increased population of low angle grain 
boundaries at t/2, the decreased potential for Li segregation, and the lack of delamination 
observed at t/2, is inaccurate. With regard to grain boundary character, the primary difference 
between t/8 and t/2 is the increased probability of Σ3 boundaries due the high frequency of brass 
pairs. Coherent Σ3 CSL boundaries have no “atomic porosity” and are generally considered to 
have increased resistance to segregation and greater fracture resistance [39]. The incoherent Σ3 
boundaries between brass grains do not exhibit these qualities. Overall, this does not preclude 
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effects of Li segregation from influencing the location of delamination fracture; however, it does 
suggest that it may not be the dominant mechanism.  
 
Figure 1.6 Comparison of misorientation angle distributions at the 
center (t/2) and edge (t/8) locations with that for a random 
distribution.  
 
 To explain why fracture favored boundaries shared by the two Brass orientations, Tayon, 
et. al. used grain-specific Taylor factor’s to gauge each crystal’s propensity for slip. The authors 
used a rate of deformation tensor comprised of both normal and shear components as taken from 
finite element predictions of the stress state ahead of the primary crack in response to the 
occurrence of delamination fracture developed under global Mode I loading conditions [40]. For 
comparison, Taylor factor values for uniaxial tension in each of the three sample directions (L, T, 
and S), pure shear (LT component), and the rate of deformation tensor (D) chosen based on the 
delamination stress state are shown in Table 1.1. The prescribed rate of deformation tensor, D, 
for the Taylor factor calculation is shown in Eq. 1.1, which takes into account the global Mode I 
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deformation tensor, the two Brass variants (referred to as Bs1 and Bs2) were found to show large 
disparities in their computed Taylor factors. For the other cases, there was no difference in 
Taylor factor. This observation highlights a difference in mechanical strength under combined 
normal and shear loads. Due to the large difference in Taylor factor, the authors concluded that 
fracture likely initiated between the Brass variants in response to a lack of interfacial slip 
accommodation [34]. In simpler terms, one orientation was found to be favorably aligned for slip 
and the other was not.  
Table 1.1  Comparison of Taylor factors for different loading 
conditions for the ideal Brass orientations. 
Taylor 
Factors 
Loading Direction for Uniaxial 
Tension 
D from 
Eq. 1.1 Pure LT 
Shear  L T S 
Bs1 3.06 3.62 3.67 2.32 2.02 
Bs2 3.06 3.62 3.67 3.52 2.02 
 
 
   
         
         
         
   
   
      
      
        (1.1) 
 
1.5 Motivation for This Study 
This study was motivated by ongoing efforts at NASA (both at Langley Research Center 
and Marshall Space Flight Center) to develop a better understanding of the mechanisms 
controlling delamination fracture in Al-Li alloys. Obviously, NASA has interest in these alloys 
for launch vehicles because of their high strength to weight ratio. It has been estimated that it 
costs NASA approximately $10,000 to send 0.5 kg (1 lb of mass) into space [41]. Based on that 
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estimate, tremendous cost savings may be realized if Al-Li alloys found more widespread usage. 
Currently, engineers have no guidelines for the treatment of delamination fracture in lifetime 
assessments and design practices because there is a lack of consensus over which factors control 
delamination fracture. If designers could confidently and adequately account for delamination in 
their design practices, these alloys could see increase usage. However, exploring new processing 
modifications to reduce or eliminate the tendency for delamination is the ultimate goal of this 
study. Delamination-resistant Al-Li alloys would have a large market, not just from NASA but 
within the entire aerospace community, given the rising prices of fuel.  
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2        Material 
This chapter briefly discusses the material evaluated – Al-Li alloy C458. Topics covered 
include composition, microstructure (texture and precipitates), and mechanical properties.  
2.1 Al-Li Alloy C458 (2099)  
The material evaluated in this study was Al-Li alloy C458 T8 which had a plate thickness 
of 6.2 cm (2.4″). Typically, Al-Li alloys exhibit location dependent variations in tensile 
properties throughout the thickness of the plate due to difference in texture evolution in response 
to rolling. To visually gauge the texture variations, metallurgical samples were excised from the 
mid-thickness (t/2) and near-surface (t/8) locations, exposed to a Barker’s etchant, and 
photographed under an optical microscope. Photos from all three planes were combined to 
produce the triplanar micrographs from these locations shown below in Figure 2.1. Variations in 
contrast within the images represent variations in texture. The t/2 location shows little variation 
in contrast and is known to have a strong Brass texture. In comparison, the t/8 location shows 
increasing variations in contrast, and hence is associated with a weaker texture. With respect to 
mechanical properties, the t/2 location typically has higher strength and more anisotropy, while 
t/8 has slightly lower strength with more isotropy. C458 was developed by the Air Force to serve 
as a more isotropic version of 2090 [42]. In order to promote more isotropy, it has been reported 
that intermediate annealing treatments were given during rolling to promote partial 




Figure 2.1 Triplanar micrographs of 6.2 cm (2.4″) Al-Li alloy C-458 
at mid-thickness (left), t/2, and surface (right), t/8, 
locations. 
        
2.2 Composition 
Alloy C458 falls into the 2xxx series class of Al-Cu-Li alloys, which represents the three 
most significant components of its composition as shown in Table 2.1. There are several 
interesting points to make based on the chemical composition. First, alloys with greater than 
1wt% Li show increased propensity for delamination. This alloy is approaching 2wt% Li content 
and does indeed exhibit delamination fracture to some extent. Second, the Cu:Li ratio has an 
impact on precipitation, particularly the precipitation of δ’ and T1. In this case, the Cu:Li ratio is 
roughly 3:2. For a similar Cu:Li ratio, it has been documented that T1 may grow at the expense 
of δ’[15]. Based on prior studies, more T1 would produce high strengths and less strain 
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localization due to a reduction in planar slip. Third, the roughly 0.25wt% additions of Mg and 
Mn promote increased precipitation of δ’ and T1. By keeping the level of these additions low, the 
Li solubility was decreased, thereby favoring the precipitation of δ’ and T1 [15].  
Table 2.1 Chemical composition (wt%) for Al-Li alloy C458. 
Cu Li Mg Mn Zn Zr Al 
2.58 1.73 0.26 0.25 0.60 0.09 Bal. 
 
2.3 Mechanical Properties 
Basic mechanical properties were obtained through tensile and fracture toughness testing 
at NASA LaRC. The full examination of these results are outside of the scope of the work 
presented and are shown only for informational purposed to provide a background on the 
material. Test specimens were extracted from both the t/2 and t/8 locations of the plate and tests 
were conducted in accordance with ASTM standards. This data is shown below in Table 2.2. The 
elastic modulus for C458 is roughly 76 GPa. The yield strength (0.2% offset) is approximately 
435 MPa. The ultimate tensile strength is 500 MPa. Typical fracture toughness values are report 
at approximately 44 MPa√m. A typical stress-strain curve for uniaxial loading along RD is 
shown in Figure 2.2.  
Table 2.2 Comparison of mechanical properties of C458-T8 plate. 










Center 495.9 528.5 76.1 7.7 44
†
 
Near-Surface 438.3 481.9 75.5 12.9 n/a 
                                                 
†




Figure 2.2 Typical σ-ε curve for C458-T8 plate at the t/8 region. 
2.4 Texture 
Al-Li alloys are well known for their pronounced texture. The strongest components are 
part of the β-fiber, which is a partial fiber made up of three components: Brass (Bs), S, and 
Copper (Cu) [44]. In alloy C458, a strong rolling texture developed during processing. At the 
mid-thickness of the plate, Brass and S variants tend to be dominant compromising on the order 
of 75% of the volume fraction. Going from mid-thickness to the surface, the texture sharply 
weakens from Brass and S to a mixture of Copper, Cube, and various components associated 
with recrystallization. In Table 2.3, the most common texture variants in Al-Li alloys are shown.  
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Bs1 (55, 45, 0) (0 1 1)[2 -1 1] 
Bs2 (35, 45, 90) (1 1 0)[1 -1 2] 
Cu1 (51, 66, 27) (1 2 1)[1 -1 1] 
Cu2 (0, 35, 45) (1 1 2)[-1 -1 1] 
S1 (53, 75, 34) (2 3 1)[3 -4 6] 
S2 (27, 58, 18) (1 3 2)[6 -4 3] 
S3 (59, 37, 63) (2 1 3)[-3 -6 4] 
S4 (121, 37, 27) (1 2 3)[-6 -3 4] 
GOSS (0, 45, 0) (0 1 1)[1 0 0] 
Cube (0, 0, 0) (0 0 1)[1 0 0] 
ND Rotated Cube1 (18, 0, 0) (1 0 3)[1 0 0] 
ND Rotated Cube2 (72, 0, 0) (3 0 1)[1 0 0] 
 
EBSD scans were used to charactize the texture (preferred orientation) in certain 
locations of the plate. The EBSD results shown below are from two samples from C458-T8 
plate. These results are not directly taken from the HEDM sample, but from representative 
locations within a similar plate. The mid-thickness (t/2) and near surface regions of the plate 
were of interest in this study because these related to locations where specific analyses was 
performed. It should be noted that Al-Li alloys (and other rolled materials) possess strong 
through thickness texture gradients, where component intesnities may intensify and weaken over 
narrow regions. C458 has a very strong texture at the t/2 region which is dominated by the Brass 
texture components. As observed in Figure 2.3, roughly 60% of the scanned area was found to 
lie within 20° misorientation from the respective ideal Bs orientations. Approximately 18% were 
found to be one of the four S variants. Around 15% of the grains were indexed as Cube or 
Rotated Cube variants. The higher fraction of Bs and S (accounting for almost 80% of the grain 
orientations) is quite typical of rolled Al-Li alloys; however, there is a much stronger Cube 




grains are highly elongated, roughly 1mm in the RD and 750 μm in the TD. The average grain 
thickness (ND) is close to 75 μm. 
     
Figure 2.3 Texture from EBSD scan at t/2. 
 
 
Figure 2.4  (001), (001), and (111) pole figures corresponding to the 




A completely different microstructure was found at the near-edge (t/6) region. Here, the 
grains show only one primary component, the 45° ND-rotated Cube orientation. This component 
develops as a result of shear near the surface of the plate as a result of boundary effects [45]. It 
has been label the ‘C’ component as documented in several studies on torsion textures [46-48]. 
The deformation texture (i.e. β-fiber) has weakened quite substantially. Much of the area 
depicted is white, indicating that the grains are not within 20° misorientation of the most 
common texture components for rolled plate. The grain structure still retains its elongated 
structure, but the grain size has decreased in all directions of the plate. Grains at t/6 are around 
45 μm in thickness. 
      





Figure 2.6 (001), (011), and (111) pole figures from corresponding 





3        Experimental Procedures 
 This chapter provides a detailed description of the experimental procedures. The 
experimental techniques presented in this manuscript are: in situ high energy diffraction 
microscopy; sample sectioning/preparation; scanning and transmission electron microscopy; 
electron backscatter diffraction; and finite element modeling using crystal plasticity laws.  
3.1 In Situ High Energy Diffraction Microscopy  
Several recently published works have hypothesized that shear stresses could provide a 
driving force (and perhaps impact initiation as well) for delamination fracture [34, 40, 42]. In an 
attempt to capture real time shear strain data, samples were subjected to tensile loading and 
lattice strains were measured from diffraction data with the aid of a synchrotron X-ray source. 
These experiments were carried out at the Advance Photon Source (APS) at Argonne National 
Laboratory (ANL) in sector 1-ID with the help of Ulrich Lienert. The APS at ANL is the 
brightest X-ray source in the western hemisphere and the high energy diffraction microscopy 
(HEDM) technique provides the only means to experimental quantify the development of shear 
stresses within the interior of samples. For this study, specific crystallographic orientations were 
tracked throughout a series of loading steps past yield and up to a few percent strain.  
A small, dog-bone tensile sample was fabricated from C458-T8 plate material near the t/6 
region. A picture of a representative sample is shown in  
Figure 3.1 below. The gage section had a 2 mm x 2 mm (square) cross section. Two pins 
were inserted through the grip holes in order to mount the sample in the 450 kg (1,000 lb) load 
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frame attached to the stage and rocking cradle. Horizontal and vertical slits limited the beam 
dimensions to 100 μm each.  
 
Figure 3.1 Tensile specimen used for in situ XRD evaluation (adapted 
from[49] ). Dimensions are in millimeters.  
  
Before the sample was loaded, several scans were collected to align the grain(s) of 
interest with the center of rotation. This alignment is crucial because if the grain(s) of interest are 
not centered along the rotation axis, they will rotate in and/or out of the beam as the stage is 
rotated to obtained diffraction patterns. Additionally, rotational effects may skew diffraction 
spots, which will lead to inaccuracies in strain measurement. Incremental loading steps were 
carried out by advancing the tension motor position, which had been properly calibrated prior to 
testing. After each loading step, the tension motor position was fixed and surface strain 
measurements were captured using digital image correlation (DIC). After DIC data was 
collected, the sample was subjected to an ω sweep from -80° to 80° with diffraction data 
collected in 1° intervals. This same procedure was carried out for each load increment for the 
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duration of the testing. Relative translation of the sample due to loading with respect to the beam 
path was corrected using DIC displacement measurements in order to maintain centered on the 
region of interest. A schematic of the HEDM configuration showing the sample, detector, and 
incident/diffracted beams is shown in Figure 3.2. The angle ω represents the angle the sample is 
rotated about a direction normal to the beam path. The angle 2θ represents the angle of the 
diffracted beam relative to the incident beam path, and η represents the azimuthal angle relative 
to the detector. The distance D denotes the detector-to-sample distance. 
 
Figure 3.2 Schematic depiction of HEDM experimental configuration 
(adapted from [49]).  
 
Once diffraction data was collected at each loading step, the spots were analyzed using a 
GUI called FABLE [50]. Fable requires an initial calibration from a powder diffraction sample 
29 
 
(CeO) to determine the correct detector distance, D, along with the beam center offsets. This data 
was obtained through a 2-D detector calibration program called FIT2D [51].With the correct 
calibration measurements input into FABLE, the user can analyze the diffraction data for each 
loading step and identify unique grain orientations in the region illuminated by the X-ray beam 
using a function within FABLE called GrainSpotter [52]. GrainSpotter outputs G-vectors for 
individual grains along with the associated orientation matrices, which can then be used to 
calculate Euler angles for each orientation. The normalized G-vector output from GrainSpotter 
takes the form of: 
                                                        (3.1) 
where l, m, and n represent the direction cosines of the reciprocal lattice vector and a, b, c 
represent the reciprocal lattice base vectors. 
The end goal of the HEDM study is to extract lattice strains from the diffraction data. In 
order to resolve the full elastic strain tensor, one needs to apply Bragg’s Law to solve for a given 
strain component,  : 
  
    
  
                                                     (3.2) 
where, d represents the d-spacing of atomic planes at the current strain state, d0 represents the 
initial d-spacing in the unstrained condition, and θ represents the scattering angle. Additionally, 
one can relate the strain in any direction given by the direction cosine terms, l, m, and n from the 
G-vector as a function of the six tensorial components of strain as follows: 
       
      
      
                                       (3.3) 
The six strain tensor components ( 11,  22,  33,  12,  13,  23) require a minimum of six independent 
measurements of ε in order to solve Eq. 3.3. In order to eliminate large errors in the strain 
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components, significantly more measurements are needed than just six. This derivation and 
method for strain measurement was taken from [53]. To further reduce the error, generally a 
minimum of 30 G-vectors were used to find the best solution to the linear system of equations in 
Eq. 3.3.  
Prior to removing the sample from the load frame, a platinum wire was affixed to the side 
of the sample to serve as a reference marker for future sectioning and EBSD analysis. The 
relative distance between the platinum wire and region illuminated by the X-rays was measured 
by adjusting the vertical position on the sample until the platinum wire location was identified on 
the detector. Platinum is opaque with regard to X-ray luminescence, and thus is easily identified 
since the detector picks up no diffraction signal.  
3.2 Electron Microscopy  
Scanning electron microscopy (SEM) was used to examine samples both for imaging and 
to conduct electron backscatter diffraction (EBSD) analyses. Before discussing these two 
techniques, it is necessary to briefly describe the sample preparation procedures. However, it is 
imperative to note that more than one sample is involved. One sample is associated with the 
HEDM experimentation and subsequent EBSD characterization, and two additional samples 
from fracture toughness specimens were excised for SEM investigation of delamination fracture 
surfaces.  
 Sample Preparation  
For experimental investigation using SEM, a high-quality mechanical polishing 
procedure was developed. Samples were polished using an automated, precision polishing unit. 
Prior to polishing, the platen and polishing head were calibrated to within 3 μm of relative 
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planarity with one another in order to ensure that a flat, parallel surface would be produced. 
Samples were mounted to Al stubs, or pucks, using cyanoacrylate adhesive (superglue). These 
pucks were used because they fit into holders for both the polishing unit and the SEM, making 
for a convenient transport of samples from polishing to the SEM. 
During the first polishing stage, 600 grit SiC paper was used to grind the sample surface 
down until it was relatively flat. Subsequent polishing steps were used to continuously remove 
the deformed layer of the prior step in the following order: 1200 grit SiC, 3 μm diamond 
suspension, and 1 μm diamond suspension. For the final and most important polishing stage, a 
slightly basic 0.05 μm colloidal silica suspension was used for 1 hour. This final step provided a 
lightly etched, relatively strain free surface suitable for evaluation with EBSD. Samples 
examined using this polishing protocol were comparable electropolished samples and were found 
to exhibit better edge retention around cracks than those prepared in an electrolytic solution. For 
further details, the reader is directed to read [34].  
 Scanning Electron Microscopy 
SEM images were taken at varying magnifications to examine fracture surface features of 
crack-divider, C(T) samples following fracture toughness testing. For this study, the primary 
crack surface was not the subject of the investigation. Instead, the delamination fracture surfaces 
were carefully analyzed to better understand the microstructural mechanisms at play, and to 
gauge the impact of grain interactions and slip behavior. 
To view the delamination surfaces which are not readily exposed in the crack-divider 
orientation, careful sectioning of the delamination crack was performed to free it from the 
surrounding “bulk” material. Sectioning was performed using a low speed diamond saw. After 
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“freeing” the delamination crack from the C(T) sample, a second cut was made at the 
delamination crack tip to separate the adjacent delamination fracture surfaces, so that they could 
be viewed independently, side by side in the SEM. This technique was very challenging given 
the delicate nature of the process and the fact the delaminations are relatively small cracks. 
However, viewing the fully exposed fracture surfaces side-by-side allowed for more detailed 
examinations.  
 Electron Backscatter Diffraction 
Prior studies conducted by the author used EBSD to identify grain orientations adjacent 
to delamination fracture surfaces, examine local variations in plastic strain in response to 
delamination, and gauge slip incompatibility based on grain specific Taylor factors computed 
from EBSD datasets [34, 42]. In this study, EBSD was primarily used to identify grain 
orientations within the cross section illuminated by the X-ray beam. The sample was sectioned 
and mechanically polished down to the region of interest based on relative proximity to the Pt 
wire. After polishing, the sample was placed in the SEM, tilted to 70°, and EBSD data was 
collected using an accelerating voltage of 20kV and a probe current of 2nA. 
EBSD datasets were analyzed for grain orientation, spatial relationships between grains, 
relative agreement with grains indexed using GrainSpotter, and misorientation variations due to 
plastic strain. Grains identified using EBSD were plotted based on the 13 most common texture 
variants found in Al-Li alloys from Table 2.3. A second grain orientation plot was used to 
identify grains of similar orientation to those indexed using GrainSpotter. 
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3.3 Crystal Plasticity Finite Element Modeling 
Allied computational studies were conducted based on grain orientations identified using 
HEDM and neighboring grains identified using EBSD. The prescribed boundary/loading 
conditions are designed to match the experiment. Namely, a uniaxial tensile deformation is 
carried out in the TD (“z” or “3”) direction of the sample. Planes of symmetry are enforced along 
the planes of x = 0, y = 0, and z = 0. The deformation is carried out through an explicit algorithm 
using a strain rate of unity for a series of time steps of 0.005 s until a nominal strain of 0.025 is 
reached (i.e. 5 steps). 
The crystal plasticity finite element code implemented in this study is a unique research 
code developed at UIUC. The sole uniqueness of this code stems from its treatment of continuity 
of lattice rotation based on conservation laws derived from Mesoscale Field Dislocation 
Mechanics (MFDM). MFDM is an averaged model of Field Dislocation Mechanics (FDM) and 
establishes a connection between the theory of continuously distributed dislocations and classical 
elasto-plasticity [54]. Several prior attempts to enforce continuity requirements have been made 
(e.g. co-rotation [55], relaxed constraints [56], and LAMEL models [57]), but all took a local 
approach not suitable for extension to the solution of a boundary value problem (through the 
Finite Element Method, for example). However, the UIUC code is based on the physical 
principle of conservation of the net Burgers vector content as outlined in MFDM [58, 59].  
Inherent in the framework of this code is the grain neighbor interaction through the 
enforcement of a jump condition on the inverse elastic part of the deformation gradient, which 
requires continuity of lattice spin. This manifests itself in a spatially coupled set of ODE’s, 
leading to a non-local evolution equation for the crystal rotation field. Hence, there is a degree in 
the evolution of crystallographic reorientation such that one part of the grain “sees” another. This 
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is a feature that provides for the development of substructure adjacent to grain boundaries – a 
feature observed in prior EBSD studies of delamination fracture [34] as kernel average 
misorientation, or KAM.  
Kinematic boundary conditions are applied to enforce tensile loading conditions in the 
transverse direction as in the experiment. The boundary condition on lattice rotation was 
prescribed by having the tangential spin components set to zero. A mechanical threshold stress 
(MTS) model was adopted to model work hardening which was initially proposed by Follansbee 
and Kocks [60]. The parameters used in this study and details on the model can be found in [61].  
The crystallographic orientation and spatial arrangement of grains for the crystal 
plasticity simulations will be based on experimentally observed grain pairs from the HEDM and 
EBSD studies to allow for a more direct comparison with the experiment. This information will 
be used as inputs to create a realistic finite element mesh using 8 node, hexahedral “brick” 
elements. The mesh consists of 46 x 40 x 41 elements in L, T and S, respectively, with nodal 
spacing of 10µm in L, 10µm in T, and 5µm in S. The resultant mesh dimensions are 450µm x 
400µm x 200µm in L, T, and S, respectively.  
Simulations seek to examine grain-to-grain variations in stress/strain; development of 
excess dislocation densities (localized deformation) resulting from lattice incompatibilities and 
shear at grain boundaries; and the important role of grain interactions. Trends highlighted in the 
computational analysis will be used to explain experimental observations.  
An additional post-processing function has been developed by the author to look at local 
variations in Taylor factors using the nodal strain values for each element. In the calculation of 
traditional Taylor factor (TF), a homogeneous strain increment is applied to all the crystals in the 
aggregate (or – in this case – every node). Using Taylor’s formulation [62], the five slip systems 
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which provide the minimum internal work are assumed to be the operative slip systems for the 
imposed strain increment, dε. Only five of the twelve fcc slip systems needed due to redundancy, 
since deviatoric stress/strain space has only five independent components (following from the 
assumption of incompressibility and symmetry is the stress/strain tensor). The TF, M, is 
computed by summing the slip system shear rates,         and normalizing by the effective strain 
increment dεvM as seen in Eqs. 3.4 and 3.5.  
   
      
    
           (3.4) 
      
 
 
                  
 
 
                  (3.5) 
For the calculation of the local TF, the predicted slip system shear rates from the crystal 
plasticity simulation         
   
  are used. However, the effective strain increment remains that for the 
global (or homogeneous) strain increment, dε. For the case of this experiment, the strain 
increment is given in Eq. 3.6 representing the boundary conditions for uniaxial tension in the 
transverse direction with respect to the sample directions L, T, and S. 
      
            
            
            





   
   
 
 
      (3.6) 
Thus, the local TF, Mlocal, is defined in Eq. 3.7. 
         
        
   
    
         (3.7) 
In effect, the local response to the global load case is gauged relative to the global strain 
increment through the calculation of the local TF. This can be used to explore grain interaction 
and the development of strain gradients within the microstructure. This approach has been 
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explored by other authors to a limited degree and was found to be useful for interpretation of 





4        Results and Discussion 
This chapter will detail the results from electron microscopy, EBSD, HEDM, and crystal 
plasticity simulations aimed at investigating the underlying microstructural mechanisms that 
drive delamination fracture. Quantitative and qualitative measurements will be given and 
explained for topics such as grain orientation, slip incompatibility, grain interactions, 
development of excess dislocations, and intra- and intergranular stress/strain variations. The 
primary objective is to reduce the results to synergistically identify factors responsible for 
initiation and continued propagation of delamination cracks. Results will be presented in more-
or-less chronological order, starting with some preliminary SEM work on compact tension 
samples, leading to the HEDM work at Argonne and subsequent crystal plasticity simulations. 
4.1 Preliminary Fracture Surface Study 
Prior to the experiments pursued at Argonne National Laboratory, a unique study of a 
delamination fracture surface was undertaken. A crack-divider orientation, compact tension, 
fracture toughness specimen from approximately the t/2 location was tested to failure. Several 
delaminations were observed on the primary crack fracture surface. One particular delamination 
chosen at random was sectioned out of the sample by making two cuts through the primary crack 
fracture surface to extract a single delamination from the sample, followed by a third cut at the 
delamination crack tip to split the delamination crack into two ligaments. When placed side-by-
side, each ligament appears to be a mirror image of the other. These samples were then mounted 
side-by-side in an SEM for examination.  
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In Figure 4.1a-b, a macro view of the delamination fracture surfaces is shown illustrating 
the mirrored appearance of the matching fracture halves. A particular grain which resembles the 
shape of a bear has been highlighted on each side. A series of higher magnification images are 
shown in c-f of upper regions within the bear shaped grains on each side. In Figure 4.1e-f, one 
side of the fracture surface exhibits slip bands, while none are present on the opposite side. By 
careful probing of the surface with EBSD, diffraction patterns were collected from each side of 
the fracture as shown in Figure 4.1g-h. Indexing these patterns revealed that the grain on the left 
was a Brass orientation, while the grain on the right was a Cube orientation. These images and 
orientation information reveal that slip incompatibility exists between neighboring grains that 
fail by delamination due to a favorably orientated grain for polyslip (in this case Cube) paired 
with an unfavorably orientated grain (in this case Brass). Additionally, there are recessed wedge-
like feature particularly visible in the Cube grain. In the Bs grain, there appear to be ridge-like 
features that match the orientation and position of the wedges on the other side of the fracture. It 
has been hypothesized that these features are associated with the pull out of grain boundary T1 
precipitate plates; however, no definitive conclusions have been reached at the current time. In a 
separate study [17], similar features were observed in the same alloy. Auger spectroscopy was 
used to interrogate grain boundary chemistry and found that these features correlated with an 
increased concentration of Cu. The presence of T1 (Al2LiCu) precipitate plates are speculated to 
be the cause of the increased Cu concentration. Unfortunately, Auger cannot detect Li due to 





Figure 4.1  Series of SEM images (a-e) from two grains (Brass 
orientation on left and Cube orientation on right) along 
mating delamination fracture surfaces at progressively 
higher magnification levels as follows: (a-b) at 45x; (c-d) at 
300x; and (e-f) at 1,000x. Diffraction patterns are also 
shown for each of the grains: (g) is from Brass and (h) is 
from Cube. 
 
Another delamination from an additional C(T) specimen tested to failure from the t/2 
location was examined in cross-section in the SEM. A macro view of this sample is shown in the 
top image from Figure 4.2. Through the use of EBSD, the grains directly above and below the 
horizontal delamination crack were indexed as Bs2 and Bs1 grains, respectively. Subsequently, 
the sample was tilted to approximately 45° to image down into the delamination cracks to 
examine the delamination fracture surfaces. The images from the fracture surfaces of each Bs 
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grain are shown in the bottom pair of images. Once again, we have slip offsets in one grain but 
not the other. This indicates the development of slip incompatibility between Bs1/Bs2 grain 
pairs. The global loading direction for this sample was RD. The observed set of slip offsets in the 
Bs1 grain is parallel to the loading direction. Theoretically, slip systems parallel to the loading 
direction should not be active for this loading case. The occurrence of slip along the loading axis 
suggests that a substantial shear stress developed within the Bs1 grain. Also, the recessed wedge 
features are present again which may indicate the pullout of T1 precipitate plates.  
 
Figure 4.2 Examination of delamination fracture surfaces through 
specimen tilt. 
4.2 Grain Indexing from HEDM Study 
A total of 4 unique grains were isolated from diffraction files collected from each loading 
increment. These grains were named using a color scheme of ‘Red’, ‘Green’, ‘Blue’, and 
‘Yellow’. The (Kocks) Euler angles for each of these grains are given in Table 4.1 along with 
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each grain’s relative proximity to the nearest texture component. Red corresponds to an ND-
rotated cube orientation; Green is near Bs2 but slightly off as indicated by a higher 
misorientation angle with respect to the ideal Bs2 orientation; both Yellow and Blue are close to 
the ideal Bs1 orientation.  
Table 4.1 Grain orientations identified from HEDM study. 
HEDM Grain Kocks Euler Angles 




‘Red’ (98.2, 4.8, 27.8) ND-Rotated Cube 5.0° 
‘Green’ (64. 7, 26.7, 116.7) Brass2 26.6° 
‘Blue’ (41.3, 95.6, 143.1) Brass1 11.9° 
‘Yellow’ (43.9, 91.7, 135.4) Brass1 9.1° 
 
The [111] poles for the orientation’s listed above have been plotted in the form of a pole 
figure in Figure 4.3 with the poles for each grain color coded by name. The Red grain shows the 
characteristic rotation about ND of the ND-rotated cube component. The ideal Bs1 and Bs2 
orientations have a [111] pole parallel to TD. For each of the Green, Yellow, and Blue grains 




Figure 4.3 (111) Pole figure plot of HEDM grains. 
 
4.3 Ex Situ Identification of Grains via EBSD 
After precise and careful polishing, EBSD scans were collected across the entire cross-
section of the tensile sample subjected to HEDM at Argonne. The initial priority was to identify 
the same grains listed in Table 4.1 that were indexed in the experiment. In the HEDM 
experiment, the beam was centered on the Red, rotated cube orientation. This grain was chosen 
because it stood out from the typical Brass texture. Given these two factors, it was presumed that 
identification of the ND-rotated cube orientation within the polished cross-section would serve to 
locate the correct region of the sample and adjacent grains.  
Searching for grains that matches the crystal orientation of the Red grain highlighted one 
particular grain as shown in Figure 4.4 within the encircled region. This location was within 
200μm of the center of the sample along the RD, and it was exactly 100 μm wide at its widest 
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point. During the experimentation, it was measured by traversing the sample across the beam’s 
path that the grain was 100 μm wide and roughly 100 μm off the center of the RD axis of the 
sample. Thus, the grain found was in relatively good agreement with the experimentally 
measured position of the Red grain. Adjacent to this grain were several grains that closely 
matched the Green, Blue, and Yellow orientations. 
 
Figure 4.4 EBSD plot of all grains that match Euler angles of Red 
grain from HEDM within the samples cross-section. 
 
Grains surrounding the grain that matched the “Red” grain were compared by grain 
orientation relative to the other orientations from Table 4.1. In Figure 4.5, an enlarged region 
from Figure 4.4 is shown with the match to the Red grain located at the center indicated by the 
number 1. Two Bs1 grains border that grain near the top – one on the right (#2) and one on the 
left (#3) – and are closely related to both the Blue and Yellow orientations, respectively. A Bs2 
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orientation (#4) is found adjacent to the Bs1 orientation on the left side (#3); this grain matches 
well with the Green grain. Two additional neighbors (#5 and #6) have also been noted; however, 
they were not tracked during the experiment. Grain #5 is another Bs2 grain near the bottom right 
corner is shown, while grain #2 is a near-Cube orientation.  
A detailed comparison of agreement between color-coded grains from HEDM and the 
numbered grains from EBSD is shown in Table 4.2. Due to the deformation present within the 
sample and potential inaccuracies in sample alignment both in the HEDM and EBSD 
environments, finding a perfect match between HEDM and EBSD grains is a difficult task. 
However, the misorientation between matches from HEDM and EBSD grains is quite strong 
with three of the four grains matched to within 7° and all within 12°. This level of agreement 
between HEDM and EBSD orientation information provides confidence that the EBSD data was 




Figure 4.5 Enlarged view of encircled region in Figure 4.4 showing a 
plot of common texture components (left) and the [001] 















1 ND-Rot Cube Red 5.93° 
2 Bs1 Yellow 6.67° 
3 Bs1 Blue 4.29° 
4 Bs2 Green 11.99° 
5 Bs2 None N/A 
6 ND-Rot Cube None N/A 
 
While exact agreement may not be reached for the absolute crystallographic orientation, 









with that of the associated matches in EBSD can provide a second form of verification. This 
cross-check can be made through comparing misorientation for grain pairs from HEDM with the 
associated matching EBSD pairs as shown in Table 4.3. Overall, the HEDM and EBSD grains 
pairs show similar orientation relationships between neighboring grains. In general, grains pairs 
that are adjacent to one another have maintained approximately the same misorientation angle 
(e.g. Red-Blue vs. 1-3). Meanwhile, grain pairs that are separated by at least one grain (e.g. 
Green-Yellow vs. 4-2) show more variation in misorientation with respect to HEDM vs. EBSD. 
Once again, these variations are almost certainly due to deformation and sample alignment 
discrepancies between the HEDM and EBSD reference frame. One most consider the stress 
relaxation within grains upon unloading and the relief of residual stress upon sectioning and 
polishing for EBSD. This may also lead to discrepancies in misorientation relationships between 
HEDM and EBSD grain pairs. However, the data presented in Table 4.2 and Table 4.3 indicates 
that there is a high probability that the grains found with EBSD are the same grains that were 
tracked in the HEDM experiment. Combined with the additional verification of crystal 
orientation from Table 4.2, future results and the development of a finite element mesh are 
presented under the assumption that the EBSD data represents the cross-sectional area parallel to 
the beam interrogated using HEDM. 









of EBSD Pair 
Red-Green 31.7° 1-4 38.9° 
Red-Blue 50.8° 1-3 50.4° 
Red-Yellow 52.1° 1-2 47.1° 
Green-Blue 41.0° 4-3 45.8° 
Green-Yellow 32.2° 4-2 41.6° 




In the IPF plot, substructure (misorientation between 2 and 15°) have been highlighted by 
white lines, while grain boundaries in excess of 15° misorientation are highlighted in black lines. 
The Red grain has developed a high amount of substructure compared to the majority of the 
surrounding microstructure. Additionally, the Bs2 grain on the left side also shows some 
development of substructure. The formation of substructure during deformation may be linked to 
hardening and an inability to accommodate the deformation through crystallographic slip.  
4.4 In situ Lattice Strain Measurements 
For three of the grains captured by HEDM, lattice strains were resolved based on 
diffraction data collected at various loading increments [61]. The lattice strains for the Green, 
Blue, and Red grains are plotted below in Figure 4.6 as a function of elongation strain as 
measured with DIC. During the experiment, the sample was pulled to a nominal strain just under 
4%. The ordering of the plots from left to right matches the spatial arrangement of the grains. 
The three dilatational strain components (ε11, ε22, ε33) and the ε12 (RD-TD) shear component are 






Figure 4.6 Lattice strain components measured by HEDM for the 
Green, Blue, and Red grains. 
 
In the strain plots for the Bs1, Bs2, and Rotated Cube grains shown above, the largest 
tensile strain was noted for the Bs grains with the Blue grain having the highest magnitude. The 
Rotated Cube grain began to yield in advance of the Bs grains with indications of significant 
work-hardening compared to the other grains. Thus, the Rotated Cube grain is indentified as 
‘soft’ orientation compared to the ‘harder’ Bs grains. The normal strain components of the Red 
grain reveal a plain strain response with limited deformation in the plate normal direction. All of 
the grains indicate the development of shear with increasing load with the direction of shear 
being opposite between the Bs1 and Bs2 grains. There is evidence of non-zero lattice strain in 
the initial, unstrained configuration. This is indicative of residual strains present in the plate 
which would likely exist due to tempering. 
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4.5 CPFEM Simulation  
All plots shown for the CPFEM simulation were taken at a nominal strain 2.5% and are 
shown for the RD-ND plane which is normal to the tensile axis. This is the sample plane which 
the EBSD data was collected and provides the best perspective for comparing EBSD vs. CPFEM 
data as well as investigating effects of the local neighborhood on the deformation behavior.  
 Computed ‘Elastic’ Strains with Comparison to Experimental Measurements 
An initial modeling attempt was undertaken using a simple (planar) arrangement of the 
HEDM grains. A planar model was chosen as simple cross-check between the crystal plasticity 
model and experiment without complications due to irregular grain shapes and complicated grain 
boundary geometries. The grain shapes were modeled as 3-D rectangular bricks based on the 
general spatial arrangement observed from EBSD. In Figure 4.7, a representative 2-D slice of 
this arrangement is shown. Results from this modeling effort have been described in detail in 
[61]. In general there was strong agreement between the simulation and experiment which 
provided validation of the model; however, the simulation failed to predict the correct sign of the 
ε12 shear component in the Red grain. In the experiment, the sign of the shear was found to be 




Figure 4.7 Arrangement for initial simulation. 
 
In an effort to better represent the local microstructure, an updated arrangement was used 
for the finite element mesh of a new simulation. The EBSD dataset shown in Figure 4.5 was 
subjected to clean-up routines to eliminate smaller grains. This clean-up was accomplished 
through a grain dilation algorithm within the EBSD software package [65]. Grain dilation 
requires a user input minimum grain size. Any points belonging to grains smaller than the 
minimum threshold are then reassigned to neighboring grains with similar orientation.  
A comparison of the grain boundaries – plotted as black lines – before (as-collected) and 
after clean-up is shown in Figure 4.8. The majority of the clean-up occurs near the vicinity of the 
Green grain by eliminating the smaller grains/subgrains bordering the boundary shared by the 
Green and Blue grains, a low angle grain boundary running through the middle of the grain from 
top to bottom, and a grain just to the left of the Green grain. Otherwise, no significant 
modifications are observed.  
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The location of the boundaries (black lines) in the cleaned image was used to define the 
grain boundaries in the updated simulation with the Euler angles for the Green, Blue Red, and 
Yellow grains prescribed as shown. Additionally, two other neighboring grains on the right hand 
side of the image were added: EBSD grains #5 and 6, which are Bs2 and Rotated Cube grains, 
respectively. These two grains were added to allow for all neighbors of the Red grain to be 
accounted for in the simulation in hopes of obtaining a more accurate solution. 
 
Figure 4.8 Plot of grain boundaries for as-collected EBSD data (left) 
and after clean-up operations were applied (right). Image 
on right was used for arrangement in updated simulation. 
  
In the experimental analysis, strains were measured from changes in lattice spacing. 
However, the output for the CPFEM is stress. To establish a direct comparison between 




























































stresses output from CPFEM results using linear (isotropic) elasticity (i.e. Hooke’s Law) using 




                                 
 
 
                     (4.1) 
where ε and σ represent strain and stress tensors, respectively; E and υ represent the material 
dependent properties Young’s modulus and Poisson’s ratio, respectively; and δ represents the 
Kronecker delta. Young’s Modulus and Poisson’s ratio were taken as 80 GPa and 0.3, 
respectively for elastic strain calculations to be consistent with the analysis from [61]. The next 
few figures display the variations in strain components ε11, ε22, ε33, and ε12. Other shear strains (ε13 
and ε23) will not be presented as they were of less significance compared to the magnitude of the 
other strain components. Those components were found to be at least one order of magnitude 
lower, thus their impact is assumed to be negligible.  
The first strain component to be addressed is the axial strain in the loading direction, ε22, 
shown in Figure 4.9. It is noted that the maximum strain occurs in the Bs1 (Yellow) and Bs2 
(EBSD#5) grains. The Rotated Cube (Red) grain distinctly stands out being much lower strain 
than the other grains and with decidedly more heterogeneity manifest in an apparent gradient 
along RD. These findings agree with the experimental strains in both magnitude and relative 
ordering of the strains. There also is a subtle level of heterogeneity observed in the Bs1 (Blue) 
grain. Whereas, the Bs2 (Green), Bs1 (Yellow), Bs2 (EBSD#5), and Rot. Cube (EBSD #6) 





Figure 4.9 Elastic axial strain (ε22) calculated from simulation. 
 
The minor strain components (ε11 and ε33) are shown side by side in Figure 4.10. These 
strains are compressive due to Poisson effects. In the ε11 strain plot, heterogeneity within the 
Rotated Cube (Red) grains is once again observed. Here, the strain at one end of the grain is 
several times larger than the strain at the opposite end, setting up a strain gradient throughout the 
length of the grain in RD. There is the appearance of two halves of the grain each behaving 
differently than the other. In the top section, the Red grain appears more resistant to thinning 
along RD, whereas the bottom section shows the most thinning (highest strain) of all the grains 
in the simulation. Effects of neighbor interaction may be responsible for these gradients in both 
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the Bs1 (Blue) and Rot Cube (Red) grains. The effect of local neighbors is decidedly stronger for 
‘pancake’ grains versus an equiaxed microstructure due to the higher surface area to volume 
ratio. As the surface area increases, it becomes more difficult for a grain to ‘shield’ itself from its 
neighbors as local stress equilibrium must be achieved over a smaller population of grains. The 
Bs1 (Blue) grain is adjacent to two dissimilar orientations: a Bs2 (Green) grain on the left and 
the Rot Cube (Red) grain on the right. In the ε33 strain plot, the two Bs1 grains (Blue and Yello) 
show the largest strain in agreement with the experimental measurements. The Red grain shows 
a pronounced resistance to thinning in ND compared to the other grains, illustrating a plane 




Figure 4.10 Minor elastic strains ε11 (left) and ε33 (right) calculated 
from CPFEM simulation. 
 
Analysis of the ‘Brass’ or RD-TD shear strain component (ε12) is shown in Figure 4.11. 
The anisotropic response of the Brass orientations is clearly shown: the Bs1 grains (Blue and 
Yellow) are developing a roughly equal magnitude but opposite sign shear compared to the Bs2 
grains (Green and EBSD#5). A distinct gradient in shear strain is predicted for the Rotated Cube 
(Red) grain, where the top section develops a positive shear while the bottom half of the grain 
has a slightly lower magnitude negative shear strain. This is attributed to the effect of the local 
neighborhood on satisfying local stress equilibrium as the top half of the grain is bordered by two 
similar Bs1 grains, while the bottom of the grain is bordered by a single Bs1 grain on the left and 
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a Bs2/Cube grain on the right. It should be pointed at that the revised model presented here, as 
opposed to the planar model from reference [61], predicts the development of a positive RD-TD 
shear strain which is in agreement with the experimental data. This highlights the importance of 
specifying the correct local microstructure for CPFEM simulations as the solution for stress 
equilibrium is greatly influenced by the neighboring grains, especially for pancake 
microstructures.  
 





 Traditional vs. Local Taylor Factor 
The relative deformation behavior of individual polycrystals can be gaged using the 
Taylor factor (TF) which relates crystal yield strength based on the crystal orientation relative to 
an applied deformation rate (or strain increment). Crystallographically ‘hard’ orientations have a 
higher TF value, while ‘softer’ orientations have a lower TF. For perspective, the average TF for 
a random polycrystalline aggregate is roughly 3.07 for uniaxial tension. Traditional TFs are 
computed assuming a homogeneous deformation imposed on all grains. An alternative ‘local’ TF 
has also been introduced to examine the effects of local strain rate variations as predicted from 
the CPFEM simulation. Deviations in the local TF from the traditional TF will highlight local 
variations in a crystals plastic response which may arise from variations in local slip system 
activity, grain interactions, and local deviations from the nominal (averaged) stress state. The 





Figure 4.12 Comparison of Traditional and Local TF plots. 
 
Examination of the traditional TF plot shown in Figure 4.12 reveals that the Bs 
orientations are ‘harder’ orientations compared to the cube orientations for uniaxial tension in 
TD (the loading state for the HEDM experiment). In particular, the grains with experimental 
lattice strain measurements can be ranked in terms of crystallographic strength in order from 
highest to lowest as: Bs1 (Yellow), Bs1 (Blue), Bs2 (Green), and Rotated Cube (Red). This is in 
agreement with the experimental trends as well which indicate that Red grain exhibits the lowest 
flow stress of the four grains, while the Bs1 (Yellow/Blue) grains were associated with higher 
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flow stresses. As a final note to the reader, the homogeneous deformation assumption for the 
traditional TF essentially leads to a single TF value for each grain. Intra-granular heterogeneity 
in the strain rate is allowed in the local TF plot. Therefore, intra-granular variations in the local 
TF are expected.  
The local TF plot shown alongside the traditional TF plot in Figure 4.12 reveals a slightly 
different behavior in response to the local stress solution. The reader is cautioned that the scale is 
slightly different from that of the traditional TF plot due to ‘softening’ throughout most of the 
grains. The softening along the Bs2/Bs1 (Green/Blue) pair is of particular interest in this study as 
higher occurrences of delamination fracture have been observed for this grain pair. The softening 
in the Bs2/Bs1 pair indicates possible stress relaxation, which may be linked to a cooperative 
shear mechanism. Individual components of the plastic deformation rate will be analyzed in a 
proceeding section to identify a link to stress relaxation. The local TF also illustrates 
heterogeneity within the Rotated Cube (Red) grain. This is attributed to interaction with its local 
neighbors as the strongest gradients appear to coincide with changes in the local neighborhood, 
particularly along the right hand side of the grain.  
 Development of Geometrically Necessary Dislocations 
Geometrical necessary dislocations (GNDs) arise due to incompatibility in the 
deformation field, thus providing some quantification of the level of incompatibility within the 
microstructure. Incompatibility may develop near grain boundaries as a result of geometric 
differences in slip system alignment between two neighbors of distinctly different grain 
orientation. This incompatibility can be represented as the dislocation (or Nye) tensor, α, which 
relates the net Burger’s vector, b, of dislocation lines threading an area with unit normal, t, as 
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shown in Eq. 4.2. The GND density (number of dislocations per unit reference area) is defined as 
the minimum number of dislocations to preserve compatibility in the lattice due to the 
development of lattice mismatch from heterogeneous deformation. The GND density is directly 
proportional to the level of strain present in the material. Given that the incompatibility typically 
is found at regions within the microstructure with greater variations in crystal orientation, GND 
densities are generally highest at grain boundary regions [66].  
                         (4.2) 
In the subsequent figures, several plots of individual components of the Nye tensor have 
been presented. Any components that are not shown were found to be of significantly lower 
magnitude, and thus will not be discussed. First, the development of signed screw dislocation 
components (α11 and α22) is presented in Figure 4.13. Screw dislocations are evolving in the 
vicinity of grain boundaries. The general pairing of the α11 and α22 components is indicative of 
the development of a twist boundary character, which tends to be most prominent along the 
Bs2/Bs1 (Blue/Green) grain boundary and the boundary of the Rotated Cube (Red) grain. A 
similar results was found in [61] for essentially the same arrangement of grains with planar grain 
boundaries. The agreement in the prediction of the development of α11 and α22 at the grain 
boundaries between this revised model and the planar grain boundary model illustrates that the 
potential ‘jaggedness’ of the actual boundaries in this simulation has not artificially skewed the 
results.  
In Figure 4.14, the development of edge dislocation components of the Nye tensor are 
presented (α31 and α32). The components α31 and α32 each have a net Burger’s vector in the ‘3’, or 
ND, direction and the dislocation lines are normal to the ‘1’ and ‘2’ directions, respectively. 
These two edge components are most prominent along the Bs2/Bs1 (Green/Blue) grain boundary 
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with Bs1/Rotated Cube (Blue/Red) grain boundary also showing an increased dislocation 
content. The edge components provide a tilt boundary character, which combined with the twist 
character developed through the screw dislocations in α11 and α22 gives a mixed boundary type. 
This is a new observation not reported in [61]. It should also be highlighted that α31 has the 
highest magnitude of all the components of the Nye tensor (note change in scale for α31) and that 
maximum lies along the Bs2/Bs1 (Green/Blue) boundary.  
 





Figure 4.14 Development of edge dislocations as predicted by CPFEM. 
 
When discussing GNDs, it is typical to report the GND density, ρGND, which essentially 
computes the magnitude of the Nye tensor normalized by the magnitude of the Burger’s vector to 
give the total number of dislocation per unit area (# of dislocations per square meter). 
Mathematically, this is computed through Eq. 4.4.  
     
    
   
           
         
   
       (4.3) 
The computed dislocation density for the CPFEM simulation is shown in Figure 4.15. In general, 
the regions with the highest dislocation density are in the immediate vicinity of the grain 
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boundaries. Clearly, a significant number of dislocations have developed along the Bs2/Bs1 
(Green/Blue) boundary. The locally higher GND density along this boundary is attributed to 
excess deformation resulting from two neighboring orientations that are incompatible from a 
purely geometric standpoint based on the pairing of unfavorable crystallographic orientations. 
This supports the hypothesized development of slip incompatibility at Bs1/Bs2 interfaces 
proposed in [34, 42]. Shear stress has been found to correlate with the square root of the GND 
density [67], thus the higher GND density observed within the Bs2/Bs1 pair may indicate a 
higher level of shear stress developed in the vicinity of the Bs2/Bs1 grain boundary compared to 
the surrounding microstructure. In conjunction with the observation of stress relaxation in the 
local TF plot, examination of the plastic rate of deformation and plastic spin rate tensors may 
provide some indication of the mechanism for stress relaxation and the development of excess 




Figure 4.15 Geometrically necessary dislocation density predicted from 
crystal plasticity simulation. 
  Variations in Plastic Deformation Rate, DP 
The plastic velocity gradient, L
P
, is defined through a constitutive relationship between 
slip system geometry and slip system shear rates as shown in Eq. 4.4 where      is the slip 
direction is and      is the slip plane normal.  
                 
            
           
   
   
   
    (4.4) 
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The plastic deformation rate, D
P
, can be expressed as the symmetric component of L
P 
as seen in 
Eq. 4.5.  
    
 
 
      
 




    
     
        (4.5) 
Of interest to the development of GNDs and stress relaxation noted for the Bs2/Bs1 (Green/Blue) 
pair, the shear components of the plastic deformation rate were examined. In terms of relative 
magnitude, D
P
12 was found to be much lower compared to the other shear components and hence 




23 are shown in Figure 4.16. Examination these 
two plots reveal that the Bs2/Bs1 pair are deforming at a higher rate as compared to the rest of 
the grains. Additionally, the two grains are shearing in opposite directions relative to each other 
given the difference in sign. This presents a discontinuity across the interface in the both shear 
components of the deformation rate which are perpendicular to the grain boundary plane. For the 
case of D
P





12, the net shear rate was found to roughly balance out. The significance of 
this observation is unclear at the current time and offers a direction for future study. Meanwhile, 
there does appear to be a co-operative shear between the Bs2/Bs1 pair which would provide a 
mechanism for the stress relaxation observed in the local TF plot. Additionally, elevated 
magnitudes of the shear components of the plastic deformation rate would suggest higher shear 








23 components of the plastic 
deformation rate. 
 
A scalar magnitude of the effective deformation rate can be computed in a similar manner 
as the effective (or von Mises) strain. The effective deformation rate,    
    is the second invariant 
of the plastic deformation rate tensor defined in Eq. 4.6. 
   
   
 
 
              
    
 
 
    
     
        (4.6) 
A plot of the effective deformation rate is shown below in Figure 4.17. The Bs2/Bs1 pair exhibits 
the highest effective deformation rate of the grains analyzed with the Rotated Cube (Red) and 
other Bs1 (Yellow) grain also showing an elevated magnitude. This indicates that Bs2/Bs1 pair 
are deforming at higher rate than the surrounding grains, particularly for the Bs1 (Blue) grain in 
the pair. The preferential deformation accumulation within the Bs1 (Blue) grain may explain the 





Figure 4.17 Magnitude of the effective plastic deformation rate. 
 Variations in Plastic Spin, WP 
Variations in the plastic spin rate tensor were examined for further indications of 
incompatibility due to variations in the rotational field. The plastic spin rate, W
P
, can be 
expressed as the skew-symmetric component of L
P 
as seen in Eq. 4.7.  
   
 
 
      
 




    
     
       (4.7) 
Due to the skew symmetry of the plastic spin rate tensor, only the six off-diagonal terms are non-
zero. Of those six, only three components (   
     
     
 ) are independent in magnitude since 
      
 
 by definition of    being a skew symmetric tensor. Exploration of those three 
components found that   
  was of significantly lower magnitude than the other two, hence it is 
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not shown. Meanwhile, the other two components are shown in Figure 4.18. Immediately, two 
observations distinctly standout: 1) the magnitude of W
P
32 is more than double that of W
P
12, and 
2) the behavior of the Bs2/Bs1 pair indicates that the two grain are rotating in opposite directions 
given the opposite sign in the plastic spin components for those two grains. Further examination 
of W
P
32 seems to indicate an effect of neighbor interaction between the Bs2/Bs1 pair. The 
variation in magnitude of the plastic spin in the Bs1 (Blue) grain versus the Bs1 (Yellow) grain 
suggest that the influence of the neighboring Bs2 (Green) grain gives rise to an increase in W
P
32 
for the Bs1 (Blue) grain. On the other hand, the effect does not appear as strong for the W
P
12 
component as the relative magnitudes for the two Bs1 grains (Blue and Yellow) is not drastically 
different.  
 




32 computed from 




 Variations in Crystallographic Rotations 
In order to characterize the effect of strain on crystallographic orientation, the lattice 
rotation predicted through simulation must be examined. The magnitude of the lattice spin 
tensor, Ω, provides a quantitative depiction of the relative degree of rotation at each material 
point. The tensor Ω is simply defined as the difference between   and    as seen in Eq. 4.8 
below. Thus, it is a measure of the elastic spin.  
                (4.8) 
Given that crystallographic rotations develop from Ω, it is natural to transform the tensor 
components of Ω into an axis/angle representation. First, one must compute the exponential of  
Ω [68] as shown in Eq. 4.9 in order to develop the incremental rotation between two time steps. 
  
  
                          (4.9) 
The incremental rotation tensor, 
  
  
 , represents the change the lattice spin from the previous time 
step to the current time step. Since 
  
  
 represents a rotation rate [69], the magnitude of that rate, 
  
  
, can be computed from the diagonal components of 
  
  
 as seen in Eq. 4.10.  
  
  
        
       
  
  
   
 
         (4.10) 
For the arrangement of grains in this study, the magnitude of the lattice spin rate is shown 
in Figure 4.19 as calculated from Eqs. 4.8-4.10. The largest rate of crystallographic rotation 




would likely indicate regions with locally higher GND densities – as a result of stronger 
gradients within the rotation field – and higher magnitude of shear. This correlates with findings 
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in the previous sections and would further support the development of incompatibility between 
these two orientations, particularly near the grain boundary region.  
 
Figure 4.19 Magnitude of the crystallographic rotation rate as 
predicted by CPFEM expressed in degrees per second. 
4.6 Comparison of EBSD with CPFEM Simulation 
Ultimately, the prediction of stress and strain for the crystal plasticity model has been 
validated by the experimental results in the preceding paragraphs. The remaining validation 
for the model lies in an experimental check for the development of internal misorientation 
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and the evolution of dislocations as measured through the dislocation tensor. The best 
experimental cross-check would provide an estimate of the Nye tensor from EBSD data. 
Such attempts to estimate the GND density using EBSD have been described in [70-73].  
For the current EBSD dataset, successful measurement of the accessible components 
of the Nye tensor was not made. This is likely attributed to the low level of tensile strain (less 
than 5%) imparted to the material during in situ loading. The predicted maximum GND 
density for the simulation was on the order of 10
13
 dislocations per m
2
. The current EBSD 
data is obtained through Hough-based pattern analysis which has an established accuracy of 
~0.5° [74]. Based on the accuracy of the Hough-based solution, the minimum resolvable 




 dislocations per m
2
 [74, 75]. More robust solution techniques 
have been pioneered by Wilkinson et al. using cross-correlation methods. The reported 
accuracy of the cross-correlation method is ~0.01° enabling resolution of dislocation 
densities down to ~1012 dislocations per m2 [75-77]. 
While an estimate of the GND density could not be obtained via EBSD, a qualitative 
examination of the intra-granular misorientation gradients associated with the development 
of GND’s can be evaluated through a parameter called grain reference orientation deviation, 
or GROD. GROD uses a reference point in the grain with the lowest misorientation (strain) 
and calculates the misorientation from that reference point to all the points within a particular 
grain. GROD is especially well-suited for gauging continuous deformation from end to end 
within a grain. In Figure 4.20, the IPF map relative to ND is shown alongside the GROD plot 
for the same area. In the IPF map, grain boundaries are denoted by thin black lines, while low 
angle boundaries are denoted by thin white lines, whereas the GROD plot only displays grain 
boundaries (black lines).  
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Clearly, regions with substructure are associated with high GROD. Examination of 
the Red grain reveals a high degree of orientation change from top to bottom which is 
approaching 20°. The degree misorientation as indicated in the GROD plot and substructure 
observed in the IPF for the Rotated Cube grain qualitatively correlates with the development 
of heterogeneity in the Rotated Cube (Red) grain manifest in gradients in both the strain and 
rotation fields from the simulation results. It is assumed that some internal 
substructure/variation in misorientation within the Rotated Cube grain was likely present 
prior to deformation as a result of tempering at the conclusion of production in the as-
received plate. Within the Bs2 (Green) grain on the left which is bordered by a Bs1 (Blue) 
grain, rotations nearing 30° are noted, particularly nearest the grain boundary bordered by the 
adjacent Bs1 grain. This feature seems to give some qualitative agreement with the increase 
in GND density along the Bs2/Bs1 grain pair from the simulation results. Additionally, this 
suggests that the deformation accumulated in the Bs2 grain on the left and the Rotated Cube 




Figure 4.20 Comparison of substructure shown in IPF plot (left) 
alongside GROD plot (right). 
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5        Conclusions and Recommendations for Future Work 
This chapter combines a summary of the results with a few final thoughts into a 
conclusion section. Lastly, several recommendations are provided for any future follow-on 
studies.  
5.1 Conclusions 
Within the current body of work, several critical observations have been made regarding 
the development of mesoscale incompatibilities in Al-Li alloys. Experimental and computational 
results support the notion of incompatibility, specifically among Bs1/Bs2 grain pairs. This is in 
agreement with prior work noted in section 1.4.  
Experimental characterization of the internal strains within four unique crystal 
orientations has been presented. In the analysis of the strain tensor components, a strong 
heterogeneity was observed for near-Bs grains and the Rotated Cube grain with regard to strain 
magnitude and overall response during loading. The Rotated Cube grain was found to yield well 
before the Bs grains and had a distinct plane strain behavior, indicating a resistance to thinning in 
the plate normal direction. The premature yielding of the Rotated Cube (red) grain relative to the 
surrounding Bs (Green, Blue, Yellow) grains leads to increased work hardening. The relative 
magnitude of the strains within the Bs grains was similar, however the sign of the RD-TD shear 
component was found to alternate amongst Bs variants.  
Simulation results using a visco-plastic crystal plasticity code generally produced 
excellent agreement with the experimentally measured ‘elastic’ strains. Discrepancies between 
the experimental measured and simulation strains were below 1x10
-3
, which is within the 
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potential range of experimental uncertainty due to errors in alignment and detector distortion, 
etc. The experimental results provide validation of the model through comparison with the 
simulation predictions. The incorporation of a more realist grain boundary geometry from EBSD 
results captured a positive shear strain within the Rotated Cube (Red) grain which was not 
previously observed using a planar model. The model accurately captures the development of 
shear within the grain which was between 20-50% of the tensile strain for most grains. 
Additionally, a distinct heterogeneity is observed throughout the Rotated Cube grain. This 
highlights the importance of the local neighborhood as grain interactions likely produce the 
strong gradients in deformation observed.  
Further reduction of the simulation results indicated the development of mesoscale 
incompatibility between Bs1/Bs2 grains. Examination of the dislocation tensor reveals an 
increase in two edge and screw dislocation components. The overall GND density was highest 
along the boundary between the Bs2/Bs1 pair, suggesting the development of local 
incompatibility in the vicinity of the boundary. To explain the development of excess dislocation 
along this boundary, components of the plastic spin and deformation rate tensors were plotted. A 
cooperative shear mechanism between the Bs2/Bs1 pair was noted in the rate of deformation 
components in connection to stress relaxation as indicated by the local TF. Both grains in the Bs 
pair exhibited the highest magnitude of effective plastic spin of the grains included in the 
simulation. The combined presence of a cooperative shear and higher magnitude of plastic spin 
within the Bs grain pair likely provides a stimulus for the development of GNDs and local 
incompatibility at the interface. With connection back to the issue of delamination fracture, the 
development of shear and incompatibility at the grain boundary are likely contributors to 
delamination. The current results suggest that the pairing of Bs grains gives rise to the 
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development of incompatibility, while the pairing of a single Bs grain with another non-Bs 
orientation is not as severe. This would agree with the hypothesis set forth that Bs1/Bs2 
boundaries are the most delamination prone boundaries due to interfacial strain incompatibility 
[34, 42, 78].  
5.2 Recommendations for Future Work 
In review of the current body of work several suggests for future studies are provided. 
For simplicity in the model presented, each grain was assumed to have no orientation gradient 
(i.e. strain-free, “perfect” crystals). Largely, this assumption was chosen to due to a lack of data 
on the initial microstructure as the mesh was based purely on a single orientation output from 
HEDM data. Orientation gradients most assuredly will be present in the alloy due to tempering 
of plate. The T8 condition consists of a plastic stretch on the order of 3-6% which will give rise 
to internal strains and development of substructure/misorientation with grains. Accounting for 
this in the initialization of the model would likely increase the internal heterogeneities, providing 
for a more realistic simulation. However, obtaining orientation information in the “undeformed” 
or as-received state is not trivial. All destructive techniques such as EBSD cannot be used. The 
best choice would be use a near-field detector in situ before applying a significant amount of 
load to the sample and map the microstructure in 3D through reconstruction techniques described 
in [79, 80]. Throughout the loading increments, concurrent acquisition of microstructure maps 
would enable the correlation of crystal rotation and strain accumulation. If orientation 
information is collected at a sufficient spatial resolution, gradients in the orientation can be used 
to estimate the GND density in a similar fashion to EBSD. However, given the 3D character of 
HEDM, gradients in all three sample directions could be attained, providing the full dislocation 
77 
 
tensor. Experimental verification of the dislocation evolution predicted from the model is 
important.  
Further improvements in speed and resolution of X-ray detectors would also greatly 
benefit the HEDM experiment along with improvements in automation and data post-processing. 
Optimistically, one would like to probe regions near grain boundaries with high resolution to 
explore local phenomena manifest in both strain and orientation gradients. Such a study would 
require the combination of near- and far-field detectors, which is a method currently being 
investigated at Argonne National Laboratory. This study would be especially useful for the study 
of incompatibility and grain boundary shear in Al-Li alloys. If sufficient resolution could be 
achieved, the interrogation of strain around grain boundary precipitates and precipitate free zones 
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